Abstract-We live-trapped 40 northern pocket gophers across two years from the Anaconda Smelter Superfund Site, Anaconda, Montana, USA, to determine their exposure to five metal contaminants and effects of exposure on selected measurements. Soil, gopher blood, liver, kidney, and carcass samples were analyzed for arsenic, cadmium, lead, copper, and zinc. Hematological parameters, kidney and liver porphyrins, and red blood cell ␦-aminolevulinic acid dehydratase (ALAD) activity were also measured. Micronutrients Cu and Zn were detected in all tissues analyzed, and Cd, Pb, and As were detected less frequently. We report differences in metal distribution among different tissues and differences in bioaccumulation for different metals within the same tissue. No significant differences were observed in concentrations of Zn or Cu in any tissue across the study site, but relationships between lead in soil and lead in carcass proved especially strong (r 2 ϭ 0.80; p Ͻ 0.001; n ϭ 18). Among biomarker data, we observed a negative relationship between concentration of lead in the soil and ALAD activity in gophers with detectable concentrations of lead in their blood (r 2 ϭ 0.45; p ϭ 0.006; n ϭ 15). Results of this study suggest that northern pocket gophers are useful biomonitors of environmental Pb, Cd, and As contamination, and their broad geographic range across North America could allow them to be an important component of site-specific metals assessments.
INTRODUCTION
Characteristics and life history traits of small mammal species help define their utility as biomonitors. Examples include wide geographic distribution, small home ranges, high potential for exposure, ease of collection, and extensive exposure and effects data [1] . Several small mammal species possess a number of these characteristics and have been used in field studies to effectively monitor contaminant exposure in rodents and other small mammal species [2, 3] . Elevated concentrations of metals and arsenic have been observed in small mammals inhabiting sites contaminated by mine or smelter waste. Species with ubiquitous distributions and abundant numbers on contaminated sites are most commonly used as sentinels. Herbivores like Microtus [4] [5] [6] and omnivores like Peromyscus [6, 7] inhabiting active or abandoned smelting and mining sites are easy to trap and effectively used to assess tissue metal levels relative to animals from reference sites. Insectivores embody slightly different life history traits than Microtus and Peromyscus and are arguably better suited as sentinel species on metal-contaminated sites. Moles (Talpa europea) [8, 9] and shrews [10] are semifossorial insectivores, two life history traits that connect them intimately to a site. These characteristics could provide greater potential for metal bioaccumulation, but moles and shrews are usually more difficult to trap and in lower abundance than rodents and have smaller bodies and thus smaller tissues for analytical and biomarker analysis [2] .
To our knowledge, the northern pocket gopher (Thomomys talpoides) has not been used as a sentinel species of environmental metal contamination despite having the widest distribution of all pocket gophers found in North America [11] . Pocket gophers are fossorial rodents with small home ranges and relatively large tissues (compared to smaller, more commonly used small mammals), making them potentially useful biomonitors on sites marked by elevated contaminant concentrations in the soil. Furthermore, the propensity for the northern pocket gopher to excavate shallow burrows (often less than 10 cm below surface [12] ) increases their likelihood of exposure to surficial contamination common at smelter sites.
The objective of this study was to evaluate the northern pocket gopher as a sentinel species of environmental metal contamination. This objective was achieved by first quantifying the site-specific bioaccumulation of arsenic (As), cadmium (Cd), lead (Pb), copper (Cu), and zinc (Zn) in pocket gophers inhabiting a former Cu smelter site located in southwest Montana, USA. We hypothesized that gophers living on a heterogeneous gradient of metals and As would accumulate varying concentrations of these contaminants in select tissues as a function of contaminant concentrations in soils. Second, we measured several biomarkers known to be sensitive to metal exposure as shown in previous studies on rodents. We hypothesized that the response of these biomarkers would be a function of contaminant concentrations in soils and tissues.
MATERIALS AND METHODS

Study site
The Anaconda Smelter Superfund Site, located in Anaconda, Montana, USA (46.03ЊN, 113.14ЊW; Fig. 1 ), encompasses over 160 square kilometers of land affected by 100 years of milling and smelting operations. Primary contaminants of concern (COC) at this site include a variety of forms and concentrations of As, Cd, Pb, Cu, and Zn that were released by aerial stack emissions and solid waste-rock disposal and transported by wind dispersal and stream discharges. Waste products on site include approximately 210 million cubic meters of concentrated mine tailings, 27 million cubic meters of furnace slag, 457,200 cubic meters of flue dust, and many square kilometers of contaminated soils [13] . The Anaconda Smelter Superfund Site (U.S. EPA ID: MTD093291656) was placed on the National Priority List and under the authority of the Comprehensive Environmental Response, Compensation, and Liability Act on September 8, 1983 (http://www.epa.gov/ Region8/superfund/sites/mt/anacon.html).
Three trapping sites (initially based on low, medium, and high concentrations of metals in soils) were established in 1999 and 2000 across a gradient of surficial soil metal concentrations on the Anaconda Smelter Superfund Site (Fig. 1 ). An alternative site for low metal concentrations was established in 2000, but the medium and high sites remained the same as in 1999. Contaminant gradients of low, medium, and high were selected on the basis of As point-concentration maps obtained from Montana State University's Natural Resource Information System (http://nris.state.mt.us/nrcs/soils).
Sample collection
Soil. Soil COC concentrations for each trapping site were assessed by analyzing approximately 50 g of soil co-collected from the burrow of each gopher. Soil samples were stored in metal-free Wheaton Clean-Pak sampling containers (Wheaton Science Products, Millville, NJ, USA) at room temperature for later analysis at the Institute of Environmental and Human Health (TIEHH; Texas Tech University, Lubbock, TX, USA).
Pocket gopher tissues. A total of 19 gophers were collected in 1999, and 30 were collected in 2000 between August 30 and October 6 using live traps constructed following the design of Baker and Williams [14] . All animals were handled in an ethical manner in accordance with Texas Tech University's Animal Use Protocol number 00014BX (http://www.acuc. ttu.edu). Gophers were weighed to the nearest 0.01 g and euthanized with carbon dioxide asphyxiation within 24 h of capture. Blood samples were collected under carbon dioxide narcosis by cardiac puncture using heparinzed syringes and stored in Vacutainer blood collection tubes containing ethylenediamine tetraaceticacid (EDTA; Becton Dickinson, Rutherford, NJ, USA). Percent packed cell volume (PCV) was determined manually using a microhematocrit capillary tube reader after each blood sample was centrifuged in a microhematocrit centrifuge (5 min at 8,000 Ϯ 10% rpm). Total body length (Ϯ 0.5 mm) was measured from tip of nose to tip of tail, and body length was measured from tip of nose to base of tail. Blood, liver, kidney, and carcass samples (whole-body minus necropsied tissues) were collected immediately after death from each animal and weighed (Ϯ0.001 g), stored in metal-free Wheaton Clean-Pak sampling containers, and frozen at Ϫ20ЊC for later As and metal analysis at TIEHH. Approximately 0.1 ml of whole blood from each sample was shipped overnight to TIEHH for determination of complete blood counts. Approximately 0.25 ml of whole blood from each sample was stored in heparinized (no EDTA) 1.5-ml microcentrifuge tubes (Fisher Scientific, Pittsburgh, PA, USA), flash-frozen in liquid nitrogen, and stored at Ϫ80ЊC for later analysis of ␦-aminolevulinic acid dehydratase (ALAD) enzyme activity. A portion of each liver and kidney sample was also flash-frozen and stored at Ϫ80ЊC for analysis of porphyrin profiles.
Contaminant analyses
Soil. Soil samples were prepared and analyzed for metals and As at TIEHH in accordance with the U.S. Environmental Protection Agency's (U.S. EPA) Contract Laboratory Program protocols (http://www.epa.gov/sw-846/main.htm) [15] . This process called for digestion at elevated temperature with a mixture of hydrochloric and nitric acid. This was followed by oxidation with hydrogen peroxide, filtration, and analysis with inductively coupled plasma atomic emission spectrometry (vide infra).
Pocket gopher tissues. Tissue samples were prepared and digested for metal analysis according to modified methods described by Adair and Cobb [16] . Sample digests were analyzed within 96 h on a Leeman Direct Reading Echelle inductively coupled plasma spectrophotometer with autosampler (Leeman Labs, Hudson, NH, USA). To improve resolution, samples collected in 2000 were analyzed using graphite furnace atomic absorption (GFAA), effectively dropping detection levels of Pb, As, and Cd (year 2000 samples were analyzed for Zn and Cu using inductively coupled plasma/atomic emission spectrometry). For GFAA, samples were digested [16] , and a 1-ml aliquot of digest was collected for analysis on a Perkin Elmer Analyst 600 atomic absorption spectrophotometer (Perkin Elmer, Wellesley, MA, USA). All data were captured by Perkin Elmer AAWinLab (version 3.71) instrument control software. Accuracy and precision of sample digestion and analysis procedures were determined using National Institute of Standards and Technology (NIST; Gaithersburg, MD, USA) standards, spiked bovine liver tissue, and method blanks. The NIST standards included two replicates of dogfish liver, dogfish muscle, or lobster hepatopancreas standard reference materials (National Research Council of Canada, Institute for National Measurement Standards, Ottawa, ON). Two spiked tissue samples and a method blank were prepared and analyzed with each batch of 40 samples. This validation demonstrated the following percent recoveries-As: 70%, Cd: 85%, Cu: 102%, Pb: 75%, and Zn: 90%-and established the following limits of detection for the inductively coupled plasma spectrophotometer: As: 0.0679 g/ml, Cd: 0.0050 g/ml, Cu: 0.0103 g/ml, Pb: 0.0308 g/ml, and Zn: 0.0156 g/ml. The limits of detection for the GFAA used for year 2000 samples were As: 0.005 g/ml, Cd: 0.0001 g/ml, and Pb: 0.005 g/ ml. All results are reported as wet-weight concentrations (g/ g). Detection limits for individual gopher tissues (liver, kidney, blood, and carcass) ranged from 0.014 (carcass) to 3.356 (kidney in 1999) for As, from 0.001 (carcass) to 0.248 (kidney in 1999) for Cd, from 0.003 (carcass) to 0.845 (kidney in 2000) for Zn, from 0.006 (carcass) to 1.524 (kidney in 1999) for Pb, and from 0.002 (carcass) to 0.556 (kidney in 2000) for Cu.
Biomarker analyses
Hematology. Complete blood counts were performed using an automated cell counter (System 9010, Serono-Baker Diagnostics, Allentown, PA, USA). Counts included white blood cells (WBC), red blood cells (RBC), platelets, hemoglobin (HGB), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC). Accuracy of the automated counts was confirmed by comparison to manual WBC and RBC counts on a hemacytometer.
ALAD enzyme activity. Delta-aminolevulinic acid dehydratase analyses were run using the modified procedure of McBride et al. [17] . Red blood cell ALAD in a hemolyzed sample of whole blood was incubated with, ␦-aminolevulinic acid (ALA) for 1 h and then stopped by adding trichloroacetic acid. The porphobilinogen produced was reacted with Ehrlich's reagent (Sigma-Aldrich, Oakville, ON, Canada) and measured spectrophotometrically against a blank at 555 nm on a Molecular Devices SpectroMax automated microplate reader/ spectrophotometer linked with a computer running Softmax software (Molecular Devices, Sunnyvale, CA, USA). The quantity of porphobilinogen produced, as a function of RBC volume and time, is a direct measure of ALAD activity and expressed as nmoles ALA/min/ml RBC [17] . Porcine blood ALAD was used as a laboratory standard reference sample.
Porphyrin analysis. Porphyrins were extracted from liver and kidney using a modified procedure of Kennedy and James [18] and analyzed by reverse-phase high-performance liquid chromatography (HPLC). The 8-, 7-, 6-, 5-, 4-, and 2-carboxylporphyrins were separated using a Waters 6980 (Logan, UT, USA) separations unit equipped with an Alltech (Deerfield, IL, USA) Econosphere-C18 5-m HPLC column, autosampler (Waters [WISP], 710B), computer integration software (Waters Millennium32, Waters), and a fluorescence detector (Waters model 474) with excitation/emission wavelengths of 390/614 nm. Individual porphyrin concentrations were calculated from standard curve values and expressed as pmole porphyrin/g tissue.
Statistical analysis. A portion of tissue samples contained concentrations of Pb, Cd, and As below instrumental detection limits. Therefore, where appropriate, descriptive statistics were calculated using a method of ''filling in with expected values'' by predicting nondetectable values from expected normal scores (also known as ranked normal deviates [19] , rankits [20] , or the robust method [21] ). This method combines observed data above the detection limit with extrapolated values below the detection limit (using the rankits procedure) to estimate summary statistics [22] . Robustness of this procedure results primarily from the use of observed data (instead of using a fitted distribution or a distribution created by substituting a single value for all samples below the detection limit) and has been shown to accurately estimate descriptive statistics using simulated data [23] and actual environmental samples [24] . This procedure was not used when more than 50% of all samples were below the limit of detection [25] .
Extrapolation of missing values using ranked normal deviates assumes that sample data are approximately normally distributed. Data were therefore first transformed to normality, where appropriate, using the Box-Cox transformation [26] . Based on the skewness of the sample distribution, this procedure selects a transformation from the family of all possible power transformations (e.g., square root, logarithmic, reciprocal, and so on) that yields the best transformation to symmetry. Acceptance criteria were based on the null hypothesis that transformed data were normally distributed and the critical significance value of ␣ ϭ 0.05. Therefore, when p Յ 0.05, the null hypothesis of normality was rejected, and no descriptive statistics were estimated. For these samples and for samples with fewer than 50% detectable values, the mean is reported as less than the limit of detection for that tissue-metal combination.
Each tissue-metal combination's limit of detection reflects the instrumental limit of detection for the metal and the mean analyzed sample mass of that tissue type. Statistical treatment of these data incorporated comparisons of the percentage of samples with detectable concentrations using Fisher's exact probability test [27] . The null hypothesis for this test stated that no difference existed in the frequency of tissues with detectable concentrations between or among groups. The critical significance value for all tests was ␣ ϭ 0.05.
All descriptive statistics were obtained using the MAT-LAB mathematical software package (Ver 5, 1998, The Mathworks, Natick, MA, USA) and MATLAB functions written by R.E. Strauss (http://www.biol.ttu.edu/strauss/Matlab/ Matlab.htm). In situations where means were estimated using the rankits procedure, standard errors were estimated using the bootstrap method of resampling with replacement [28] based on 5,000 bootstrap iterations per estimate. Comparisons among groups (e.g., sex) were evaluated using standard t tests, and in instances of multiple comparisons (e.g., differences across three trapping sites or differences between genders within trapping sites), sequential Bonferroni corrections were used to decrease bias toward a type I error [29] .
Linear regression was used to examine relationships between concentrations of COCs in soils and gopher tissues (blood, liver, kidney, and carcass). In instances where tissue samples contained concentrations of COCs below instrumental detection limits, Tobit regression was used instead of linear regression [30] , and an estimated r 2 value was calculated using the rankits procedure to estimate the total variance distribution. Tobit regression offers an advantage in circumstances involving censored data sets by incorporating censored response data together with uncensored predictor variable observations [21]. The assumed detection limit for each model was just less than the lowest detectable value. All Tobit regression models were run using the MATLAB mathematical software package and MATLAB functions written by R.E. Strauss. All data were log 10 -transformed before regression analyses, and the critical significance value for linear and Tobit regression models was set at ␣ ϭ 0.05.
Analysis of variance and Student's t tests were used to compare slopes and intercepts between two or more regression lines when data were grouped by gender or trapping site. An overall improvement-of-fit test was used to determine whether individual regression models for each gender or trapping site assemblage fit the data better than regression models run with all individuals grouped together, regardless of gender or trapping site. A sequential Bonferroni correction [29] was used when comparisons were made among two or more regression lines (e.g., differences across three trapping sites). The critical significance value for these tests was set at ␣ ϭ 0.05.
RESULTS
All gophers collected for this study appeared to be in good health. No outward clinical signs of stress or metal-induced toxicity were observed in any of the animals (e.g., emaciation, convulsions, lethargy, circling, diarrhea, and so on).
Distribution of metals and arsenic in soil and tissues
Concentrations of all COCs in soil varied significantly (p Ͻ 0.001) across trapping sites. Concentrations of all COCs on the high site were approximately one order of magnitude greater than those on the medium site, which were approximately twofold greater than concentrations on the low site (Tables 1-4 ). In general, four (Cd, Pb, Cu, and Zn) of the five metals were frequently detected in the four gopher tissues analyzed. Exceptions were As (Table 1) and to some degree Cd (Table  2) and Pb (Table 3) , which were rarely seen in blood in 1999 and 2000, respectively. Concentrations of Cu and Zn (Table  4) were more widely distributed among the tissues compared to Pb and Cd, which appeared to preferentially accumulate in the carcass and kidney samples. Elevated levels of As were detected with the greatest regularity in carcass samples (Table  1) .
Differences in concentrations of Pb, Cd, and As in tissues were evident among the three trapping sites for some but not all tissues analyzed. Concentrations of Pb in livers and in year 2000 kidneys collected from the high site were approximately six times greater than concentrations from both the medium (liver: p ϭ 0.004; kidney: p ϭ 0.001) and low (liver: p ϭ 0.002; kidney: p ϭ 0.001) sites (Table 3) . Cadmium concentrations in livers were similar in gophers collected from low and high sites and also between the medium and high sites, whereas concentrations of Cd in livers from the medium site were approximately four times greater ( p ϭ 0.007) than in livers from the low site (Table 2 ). No differences were observed in concentrations of Cd in kidneys among the three sites, but a twofold greater number of kidneys with detectable concentrations of Cd on the medium ( p Ͻ 0.001) and high ( p ϭ 0.001) sites compared to the low site was observed (Table  2 ). No differences in concentrations of As in kidney or liver among the three sites were observed, but the proportion of year 2000 kidneys with detectable concentrations of As on the low site was less than half that observed on the medium ( p ϭ 0.006) and high site ( p ϭ 0.006; Table 1 ). Similar patterns were observed in livers. The percentage of livers with detectable concentrations of As was over twice as great on the high site compared to the low site ( p ϭ 0.009; Table 1) .
Among blood and carcass samples, no differences were observed in the concentration of Cd or As in blood among the three trapping sites, but Pb concentrations in year 2000 blood samples collected from the high site were two and one-half times greater ( p ϭ 0.003) than Pb concentrations in blood collected from the low site (Table 3) . Carcass samples showed distinct differences in concentrations of Pb, Cd, and As among the three trapping sites. Concentrations of Pb in carcasses collected from the high site were fourfold greater ( p ϭ 0.003) than in carcasses from the medium site, which were twice as great ( p ϭ 0.009) as concentrations of Pb in carcasses from the low site (Table 3) . Concentrations of Cd in carcasses from the high and medium sites were similar, but both were greater (high site: p ϭ 0.005; medium site: p ϭ 0.018) than in carcasses from the low site (Table 2) . A similar pattern was observed with concentrations of As in carcasses. A 15% difference in As concentration between carcasses from the low and medium site was significant ( p ϭ 0.011); however, the broad spread of exposures on the high site precluded a significantly higher mean concentration (Table 1) .
Regression analysis between soils and tissues
Concentrations of COCs in soils were effective in describing the variation of COCs in carcass samples and, to some degree, in liver samples. All other relationships explored for this study were marked by weak predictive ability, although the majority of the relationships (slopes) between soil and tissue were significant (Table 5) . Bioaccumulation rates differed among metals and tissues (Table 5 ). For example, Pb and Cd accumulated at a greater rate in the liver than did Cu and Zn, and all metals accumulated at the greatest rate in the carcass. When data were pooled across trapping sites and separated by gender, only regressions between soil and carcass and between soil and liver demonstrated significant differences between males and females. These differences were limited to Cu, Zn, and As (Table 5 ). Regressions could not be performed in many cases because of high numbers on nondetectable concentrations (e.g., As, Cd, and Pb in blood and kidneys).
Regressions between COCs in soils and gopher tissues, when all animals were grouped together (not sorted by gender or trapping site), showed mixed results. Lead, Cd, and As concentrations in blood and kidney samples and As in liver samples were typically below detection limits, precluding analysis. Regressions were possible in all other cases, although results varied, especially across tissue types. With the exception of Pb in livers collected in 1999 (r 2 ϭ 0.75; p Ͻ 0.001; Fig. 2a ), regression coefficients were low for all relationships involving blood, kidney, and liver tissues (r 2 Յ 0.13; Fig. 2b ). However, slopes of these regression lines were significant ( p Յ 0.05) in all cases except for regressions involving essential elements: Cu in blood ( p ϭ 0.134), Zn in blood ( p ϭ 0.225), and Zn in kidney ( p ϭ 0.060).
Regressions between soils and carcass samples were stronger than for other tissues and for some metals showed good predictive ability. Variation in concentrations of Cu and Zn in the soil accounted for 58% ( p ϭ 0.002) and 36% ( p ϭ 0.002) of the variability observed in carcass Cu and Zn concentrations, respectively. Regressions of Pb in carcass against soil proved especially strong (r 2 ϭ 0.80; p Ͻ 0.001; Fig. 3a) , and variation within As concentrations in soil accounted for 70% of the variability observed in carcass As concentrations ( p ϭ 0.002; Fig. 3b) .
Sorting gophers by respective trapping sites produced few significant regressions, and no differences were observed among trapping sites concerning the relationship between soil and tissue. Pooling gophers from all trapping sites together and sorting them by gender, however, elucidated differences between males and females in relationships involving Cu, Zn, and As (Table 5 ). For example, the slope of the regression line created by Cu concentrations in male liver versus soil was significantly greater ( p ϭ 0.002) than the slope of the line for female livers, but the intercept for females was significantly greater ( p ϭ 0.002) than the intercept for males. All other gender differences in regression lines involved carcass samples. For both Cu and Zn, the regression slopes between soil and carcass differed significantly between males and females. Soil concentrations had less of an influence on Cu and Zn in female carcass samples compared to male (Fig. 4) . Similar relationships were observed between male and female As concentrations in carcass samples (Table 5) .
Biomarker response
Hematology. White and red blood cell counts and measurements of HGB, PCV, MCV, MCH, and MCHC showed little variability among low, medium, and high trapping sites. Although white blood cell counts for gophers caught on the high site (mean ϭ 2.71 ϫ 10 3 /l Ϯ 0.44 standard error [SE] , n ϭ 10) were considerably lower than gophers from the low (mean ϭ 4.81 ϫ 10 3 /l Ϯ 0.78 SE, n ϭ 10) and medium sites (mean ϭ 5.29 ϫ 10 3 /l Ϯ 1.17 SE, n ϭ 9), high variation masked any significant differences. No significant relationships were observed between any of the hematological parameters measured and concentration of any of the metals in respective soils samples.
ALAD enzyme activity. Blood ALAD activity in gophers collected from the high site was significantly lower than in gophers collected from the low and medium sites (Fig. 5a ). Additionally, a significant negative relationship existed between concentration of Pb in the soil and ALAD activity in gophers with detectable concentrations of Pb in their blood (r ϭ 0.45; p ϭ 0.006; n ϭ 15). Concentrations of Pb in the blood of these 15 gophers significantly increased with increasing concentrations of Pb in the soil (r 2 ϭ 0.41; p ϭ 0.010; n ϭ 15), and this in turn was reflected in 25% of the variability in ALAD activity being accounted for by variation in blood Pb concentrations (r 2 ϭ 0.25; p ϭ 0.058; n ϭ 15; Fig. 5b ). Porphyrins. Measurements of liver and kidney porphyrins (4-,2-, and total carboxy porphyrins) revealed high variability within each trapping site (Table 6 ). Although 4-carboxy, 2-carboxy, and total porphyrins increased from low to high sites, no statistical differences existed. Regression analysis revealed that no significant quantity of variation in porphyrins was explained by the variability in soil concentrations of any of the five COCs (e.g., r 2 Յ 0.07; p Ն 0.287).
DISCUSSION
This study was designed to evaluate the use of the northern pocket gopher as a biomonitor of environmental contamination by testing two hypotheses. The first hypothesis was that metal and As concentrations in select gopher tissues would be a function of contaminant concentrations in soils, and the second was that responses of select biomarkers would be a function of contaminant concentrations in soils, gopher tissues, or both. Metal and As concentrations were quantifiable in over 85% of tissues analyzed, demonstrating that gophers inhabiting the contaminated areas of the Anaconda Smelter Superfund Site clearly accumulate Pb, Cd, As, Cu, and Zn.
For nonessential metals Pb, Cd, and As, higher concentrations of these COCs in soils were reflected by higher concentrations in gopher tissues collected from respective trapping sites. For example, concentrations of Cd in the soil from the medium site were significantly greater than concentrations on the low site, and this difference was reflected in pocket gopher liver samples. Additionally, Cd concentrations in livers from the medium site were significantly greater than those from the low site and appeared to plateau in the regression models as soil concentrations increased. This conforms to a current model of Cd toxicokinetics that suggests that Cd accumulates initially in the liver and forms a complex with metallothionein. After a threshold of accumulation is reached, however, the Cd-metallothionein complex is transported via the plasma to the kidney, where Cd accumulates over time [31] . For this reason, Table 5 ). Cd accumulation in the liver is more indicative of short-term exposure, and accumulation in the kidney is presumably indicative of chronic exposure [32] . In contrast to Pb, Cd, and As accumulation, dose-dependent relationships were absent between gopher tissues and soils for Zn and Cu concentrations across sites, even though soil concentrations for Cu and Zn increased by one order of magnitude between the low and high sites. Thus, these metals accumulated in tissues regardless of the mean soil levels for a particular trapping site. Zinc and Cu are essential metals internally regulated within mammalian systems and are involved in the function of enzymes and other proteins required for a wide range of metabolic processes. Our findings indicate a strong ability of resident pocket gophers to homeostatically regulate these two metals in their soft tissues and agree with previous studies that showed small mammals having increased Pb or Cd accumulation while simultaneously maintaining Zn and Cu concentration within the same tissues [10, 33] .
Further analysis of accumulation data using linear and Tobit regression allowed us to quantify the relationship between soil and tissue concentrations and discern which metal-tissue combinations provided significant predictive power. Relationships not evident after analysis using the rankits procedure, t tests, and Fisher's exact probability tests were more discernible under our regression models. For example, no significant differences were observed in Cu or Zn concentrations among carcasses from the low, medium, and high sites when the data were analyzed using multiple t test comparisons coupled with sequential Bonferroni corrections. Linear regression, however, demonstrated significant positive relationships between concentrations in carcass and soil for each of these metals. Concentration of Pb in soil proved especially effective in describing the variation in concentration of Pb in pocket gopher liver and carcass samples. This model could prove useful to risk assessors or other parties interested in estimating concentrations of Pb in pocket gophers, for both health effects (liver) and predator exposure (carcass) predictions, from concentrations in soil samples collected from the Anaconda Smelter Superfund Site.
Studies reporting relationships between northern pocket gophers and environmental contaminants are rare. Close (ColNorthern pocket gophers as biomonitors Environ. Toxicol. Chem. 25, 2006 467 orado State University, Fort Collins, CO, USA) documented the plains pocket gopher (Geomys bursarius) as an effective biomonitor of organochlorine pesticides in soils at the Rocky Mountain Arsenal National Priority List site (Commerce City, CO, USA), but the only published reports referring to northern pocket gopher exposure to toxicants are those reporting the success or failure of chemical irritants and repellents [12, 34] . Wilber et al. [35] collected northern pocket gophers from an area with high levels of radon in the soil but compared number of fecal oocysts in animals collected from low and high radon areas and did not report tissue concentrations.
Our results show differences in Cu and Zn bioaccumulation between male and female gopher tissues. Although mean concentrations showed no statistical differences between all male and female tissues pooled across sites, examining gender differences within trapping sites revealed that at the highest level of exposure, male carcass samples contained significantly greater concentrations of Cu compared to females. Furthermore, regression showed that male gophers accumulated Cu in liver and carcass and Zn in carcass to a greater extent than females. Although the increased rate of male Cu accumulation in the carcass was driven largely by two animals collected from areas with the highest soil concentrations, our results parallel previous studies using fossorial mammals as biomonitors of environmental metal contamination that have reported differential accumulation between sexes. Female moles collected near a major highway [8] and contaminated urban area [9] had lower concentrations of kidney and liver Cu when compared to males.
The obvious difference between male and female mammals is the greater demand by females for essential metals like Cu and Zn as a consequence of reproduction [36] . We hypothesize that this increased demand for essential metals placed on female pocket gophers throughout the breeding season may be the reason we saw a discrepancy in Cu and Zn accumulation between the sexes. Although some species of pocket gophers have been known to breed throughout the year, peak breeding activity for northern pocket gophers is reported to be mid-to late May, and a female normally produces one litter of three to six young per year [37] . Data on feral small mammals are limited, but laboratory studies using rats and mice have demonstrated that the growing small mammal fetus has a high requirement for Zn and Cu [38] . These elements are readily transported across the placenta because of a significant downhill concentration gradient between dam and fetus [39, 40] . Decreases in concentrations of Cu and Zn in the serum of dams have been shown to correlate with simultaneous increases of these metals in fetal livers [41] , whereas these changes in serum levels are not observed in nonpregnant animals.
After gestation, maintenance of milk production depends heavily on maternal pools of essential metals [42] , and northern pocket gopher pups may nurse for two months after birth [43] . Lactation also enhances the accumulation of Cu from other reservoirs into the mammary glands, diverting most Cu from the liver or kidney [44] . Additionally, metallothionein induction in the duodenum of the dam occurs as a physiological consequence of lactation, sequestering metals potentially harmful to the neonate before they reach maternal circulation [45] . This induction also plays a role in homeostasis of essential metals, often limiting absorption of metals from the small intestine and thereby stabilizing concentrations in the plasma of rodents exposed to excess metals [46] . In summary, sex-dependent differences in Cu and Zn accumulation in pocket gophers is likely due to gestational and lactational transfer of these metals to developing young, complemented by intestinal excretion due to lactationally induced metallothionein synthesis. Although no gophers in this study were classified as lactating or pregnant, Cu and Zn levels in females collected in late September may reflect the net effect of these processes, leading to lower levels of these two essential metals.
Accurate knowledge of the potential adverse affects environmental metals have on exposed organisms is one of the key requirements for ecological assessments concerning metals [47] . Metal concentrations in kidney, liver, and blood from northern pocket gophers collected on the Anaconda Smelter Superfund Site were compared to data from toxicity studies reporting comparable metal concentrations in tissues we analyzed for this study. Data from studies using small mammals collected from metal-contaminated environments and laboratory rodents dosed with metals through food, water, intraperitoneal injection, or oral gavage include tissue concentrations that offer an indirect comparison to gophers collected at the Anaconda Smelter Superfund Site. For some metals, tissue concentrations in northern pocket gophers inhabiting the site were above levels that have previously been shown to cause adverse effects in other species of small mammals, either in laboratory dosing studies or in small mammals collected from the field.
The majority of the data linking pernicious effects to concentrations of Pb and Cd in the liver and kidney are derived from histological analyses, and all but two gophers contained Cd and Pb concentrations in liver that were above concentrations known to be associated with structural malformations in that tissue. Positioning gopher kidney and liver tissue concentrations of Pb and Cd in the context of these studies suggests that gophers living on the Anaconda Smelter Superfund Site could be experiencing a number of deleterious health effects from exposure to toxic metals. These structural abnormalities, including fibrosis of the liver and damage to the hepatic blood vessels [33] , depression of renal iron concentrations [48] , proximal tubule degeneration [32] , and glomerular swelling [33] , all carry the potential to disrupt the normal structure and function of the liver and kidney and thus health of the animal.
Appending data on critical Pb and Cd concentrations in the liver and kidney are blood Pb concentration data. Blood Pb levels are useful in a toxic threshold analysis because they correlate with concentrations of Pb in brain, bone, and kidney tissue in rats [49] , and concentrations of Pb in blood are highly representative of concentrations of Pb in most mammalian soft tissues [50] . A comparison of Pb concentrations in gopher blood with studies measuring reproductive endpoints in both male and female rodents suggests that gophers living on the Anaconda Smelter Superfund Site could be accumulating Pb at concentrations indicative of reproductive impairment. All the gophers collected had blood Pb levels above those associated with low sperm counts [51] , decreased sperm motility and functionality [52] , and prostatic hyperplasia in male rodents [53] and irregular estrus cycles, ovarian follicular cysts [54] , and masculine behavior [54] in females.
Although bioaccumulation cannot be used as a surrogate for chronic toxicity of metals [47] , wild small mammals inhabiting metal-contaminated sites could be more sensitive to metals than rodents used in laboratory experiments. The energetic cost of the toxicokinetic processing associated with metal exposure could leave less energy available for essential activities like food acquisition, territorial defense, and mate selection for northern pocket gophers inhabiting the smelter site. These data notwithstanding, we acknowledge that a number of influential variables that can affect the toxicity of metals were not measured in this study. For example, apart from exposure and accumulation, the amount of metabolically available metal can vary among tissues, metals, and organisms, and thus toxicity is not necessarily related to a threshold tissue concentration [47] . Additionally, tissue levels indicative of toxicity in the laboratory may not be toxic to wild animals in the field because of factors such as tolerance [55] , resistance [56] , and avoidance of highly contaminated areas. However, based on available data linking tissue concentrations to health effects endpoints, it is feasible to hypothesize that northern pocket gophers inhabiting the more contaminated area of the Anaconda Smelter Superfund Site are susceptible to their current level of metal exposure.
Beyond the relationship between concentrations of metals in soils and tissues, a primary objective of this study was examining the relationship between COC concentrations in soils and tissues and the response of select biomarkers of exposure. Health effects data are much less common than accumulation data in studies on mining or smelting sites, yet these data are pertinent in the development of baseline ecological health assessments for National Priority List sites. We observed a negative relationship between Pb concentration in soils and blood ALAD activity. In addition, the negative relationship between Pb concentration in the blood and ALAD activity was one that is arguably biologically significant. The ALAD assay has shown to be one of the more sensitive nonlethal biomarkers for Pb exposure [57] and has proved suitable for the assessment of Pb exposure in the northern pocket gopher. Published reports of ALAD activity for wild rodents are rare, but white-footed mice (Peromyscus leucopus) inhabiting a Zn smelter site [10] and a trap and skeet range [57] showed significant depressions in blood ALAD activity with increasing soil Pb concentrations.
CONCLUSION
Results of this study suggest that northern pocket gophers are useful biomonitors of environmental metal and As contamination. They are fossorial mammals permitting monitoring of soil-bound contaminants, and their large organ size facilitates large samples for analytical and biomarker analyses. Tissue concentration data confirmed the pocket gopher's high exposure potential. Gophers inhabiting the Anaconda Smelter Superfund Site have elevated levels of metals and arsenic as a consequence of elevated exposure to contaminated soil, and in many cases concentrations in pocket gopher tissues can be reasonably predicted from soil concentrations. For essential metals Cu and Zn, our results illustrate a distinct gender difference in metal accumulation. Although no significant quantity of variation in tissue porphyrins was explained by the variability in soil metal concentrations, results of the ALAD activity assay demonstrated sensitivity of this enzyme to blood Pb accumulated from study site soils. This is potentially beneficial because the ALAD assay is relatively simple compared to other biomarker measurements. These results suggest that pocket gophers could provide comparable results with other contamination scenarios. The pocket gopher's broad geographic range across North America would allow for its use and comparative utility in a wide range of site-specific metals assessments.
